At an earlier period, when less confidence was generally held for the gene theory of inheritance, it was natural to insist that any genotype postulated to explain a given disease or abnormality should be perfectly correlated with this disease. When it became increasingly realized that this supposition was unnecessary, a fruitful method of study became available for those diseases showing only occasional evidence of inheritance. By assuming that a given genotype might cause only a portion of its possessors to develop the trait in question, an irregular pattern of inheritance was often found to be adequately explained on the basis of a single gene hypothesis. However, merely to satisfy the requirements of a formal theory would, in general, have represented but little gain. A more important result was that increased attention was now accorded those individuals who, although lacking the disease or abnormality, were evidently carriers of the genetic factor. As a consequence, several important hereditary diseases are now known to be frequently replaced by detectable subclinical manifestations or "carrier states," and these conditions have been recently discussed in extensive reviews (1, 2) .
In the field of metabolic disorders, Garrod (3) was among the first to emphasize this point of view, notably with respect to gout. He suggested that this disease would probably be found to be due to a dominant Mendelian factor which expresses itself fairly regularly in hyperuricemia, but only occa- (4) (5) (6) (7) have since shown that hyperuricemia without arthritis is indeed a common finding among the relatives of gouty patients. The most extensive studies thus far reported are those of Talbott and of Stecher and Hersh. Talbott (5) investigated 136 relatives of 27 patients and found hyperuricemia (serum uric acid exceeding 6 mgm. per cent) in 27 male and seven female relatives. Unfortunately this excellent body of data has thus far been published only in an incomplete form which does not permit of statistical or genetic analysis. A biochemical study of 30 gouty families has also been reported in abstract form by Stecher and Hersh (7) .
The present paper presents an analysis of 19 gouty families studied at the Arthritis Clinic of the University of Michigan Hospital during the years 1938 to 1942. Two of these families have been previously reported by Smyth and Freyberg in a paper (6) which will serve to describe more fully the methods used in the investigation. Although these two families demonstrated a marked hereditary tendency in hyperuricemia, the question was left unsettled as to whether all cases of gout can be encompassed in a single genetic theory. The present analysis was carried out in 1942. The results showed that the hypothesis of a dominant autosomal gene for hyperuricemia will satisfactorily explain the variations in serum urate concentrations found among an unselected series of families, but only after allowance is made for certain other factors influencing the level of serum urate in these relatives.
DESCRIPTION OF DATA The 19 families which form the basis of this report constitute Kindreds 1109 to 1127 in the files of the University of Michigan Heredity Clinic. In this paper the families are designated by the letters A to S, respectively. The propositus ("index case" or original patient) is in each case a male patient showing clinical, biochemical 749 and, in most cases, radiological evidence of gouty arthritis. A total of 87 relatives was studied and the data concerning these individuals are incorporated on the pedigree diagrams of Figure 1 . In general, the pedigrees show only those individuals whose bloods were tested for serum urate, but a few additional members have been portrayed in order to define relationships between examined members. The pedigrees are therefore incomplete in some cases in the sense that all brothers and sisters of certain individuals are not shown.
In almost all cases the blood samples were obtained after a fast of eight to 12 hours. The blood was allowed to clot under oil, and uric acid determinations were made on the serum using the indirect method of The two families previously reported (6) are identical with families I and P in this paper. In the latter family, the propositus, who is represented by the symbol nearest the letter P in Figure 1 , was found to have two gouty brothers and a gouty father. No other relatives belonging to any kindred were known to have a history suggesting gout, and none was found to have tophi. The 19 patients were selected for study solely on the basis of the availability of their relatives, and blood samples were secured on all individuals who were willing to cooperate. It therefore seems likely that the resulting data should provide unbiased estimates of the frequency of hyperuricemia among relatives of any given class.
REGRESSION ANALYSIS
Before examining the data from the point of view of a specific genetic theory, we have analyzed the variation in serum urate levels by means of general statistical methods. This was done in order to ascertain (1) whether there was evidence of genetic variability of any kind, (2) whether age and sex were additional factors influencing the level of serum urate, and (3) whether there was any justification for dividing the relatives into "normal" and "hyperuricemic" groups in the hope that these would correspond to two specific genotypes.
In addition to the serum uric acid concentration (U), Figure 1 also supplies information on the age (T), sex (S), and mode of relationship (R) of each relative to the gouty propositus. As a preliminary procedure, we chose to investigate the influence of R, S. and T on U by means of multiple regression statistics (cf. Snedecor [9] ). Instead of dividing the data into various sex and relationship classes, we have assigned to each relative a score for sex, S = 0 for males and S = 1 for females, and have used the coefficient of relationship (10) as a measure (R) of the degree of relationship between the propositus and each of his relatives.
It will suffice to explain here that the coefficient of relationship (R) is a measure of the degree of genetic resemblance between any two relatives, and its value varies from R = 0 for unrelated individuals, to R = 1 for "identical twins." For parents, sibs and children of the propositi R = 0.50, while for grandparents, aunts, uncles, nieces, nephews and grandchildren R = 0.25. All relatives in the present series of pedigrees fall into one or the other of these two degrees of relationship, except for one first cousin once-removed of patient 0 whose coefficient of relationship to 0 is R = 0.0625. Now, for any autosomal gene present in a gouty patient, the probability that this gene will also be present in a given relative is equal to his or her coefficient of relationship to the patient (10) . Therefore, since we shall later wish to test the hypothesis of a dominant autosomal gene for hyperuricemia, the use of R is appropriate in the present problem.
The data of Figure 1 may thus be summarized by tabulating for each relative the four variables R, S. T and U. For example, for the uncle of patient H, Figure 1 shows that R = 0.25, S = 0, T = 69 yr., U = 3.6 mgm. per cent.
The wives of seven propositi and of one gouty brother of patient P were also tested, and these unrelated individuals are included in the analysis as "relatives" of degree R =0. Thus, for the wife of patient Q, Figure   1 shows that R =0, S = 1, T = 30 yr., U = 2.9 mgm. per cent.
In order to discover whether age (T), sex (S) and degree of genetic relationship (R) significantly affect the uric acid level in relatives of gout patients, we applied the method of multiple regression analysis (9 The tests of significance of the deviations of the three regression coefficients from zero were carried out on the corresponding standard partial regression coefficients (9) ( Table I) . Those for sex and degree of relationship are statistically significant at the 1 per cent probability level, whereas the positive regression of uric acid concentration on age falls short of the 5 per cent level of significance. 
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Relationship: The coefficient b = + 3.2205 may be interpreted as meaning that an identical twin (R = 1) of a gouty patient would be expected to have a uric acid concentration about 3.2 mgm. higher than that of an unrelated person (R =0), as judged from the average excesses of 0.5b = 1.6 mgm. for parents, sibs and children, and 0.25b = 0.8 mgm. for aunts, nieces, grandchildren, etc. This tendency for the uric acid level to increase with increased relationship to gouty patients may be taken as a general indication of heredity, or, at least, of certain factors operating within kindreds in a manner simulating inheritance. Sex: The coefficient c =-0.94433 shows that females (S = 1) average about 1 mgm. less uric acid than male relatives (S =0) of the same age and degree of relationship to gouty patients. This difference compares favorably with that found by other investigators for unselected adult males and females. We have calculated the means and standard deviations of U from data presented by Jacobson (4) , Brochner-Mortensen (11) , and Bulger and Johns (12) . Although these workers employed different biochemical procedures, the results (Table II) agree in showing a significantly higher mean uric acid value in males. The variances or standard deviations of U, however, are not significantly different in the two sexes. It is therefore apparent that any genetic theory proposed for hereditary hyperuricemia must take this sex difference into account, and that if relatives of gouty patients are to be classified as "normal" or "hyperuricemic," different critical levels of serum urate will probably have to be adopted for the two sexes. These levels may of necessity be different for various investigators, owing to systematic differences in biochemical techniques.
Age: The coefficient d = + 0.011808 shows that uric acid levels increase by about 0.01 mgm. per cent per year for the whole of our data, but the increase is not sufficient to establish itself as significantly greater than zero. (1) and (3) will be discussed in the following section. Table VI gives the mean uric acid levels for relatives belonging to various age, sex and relationship classes.
It is evident that the serum urate level has a higher average value among relatives of degree R = 0.50 than among relatives of degree R = 0.25, and this is true for both sexes and both age groups. However, the excess is greater in adults than in children and also much greater in males than in females. These discrepancies are statistically significant, and we may conclude that the genetic factor or factors which lead to an elevation in serum urate have a greater average effect in males than in females. The classification of relatives into -normal and hyperuricemic groups should therefore prove to be a more difficult task in the case of females.
HYPOTHESIS OF A DOMINANT GENE
So far our analysis has shown merely that some genetic factors in addition to sex may be assumed to account for variations in serum uric acid levels among relatives of gouty patients. Whether it would be profitable to carry this analysis further, by postulating a single gene for hyperuricemia, depends largely on the form of the distribution of urate levels found among the 87 relatives. For example, if instead of blood uric acid levels we had recorded the statures of the relatives of 19 exceptionally tall men, we would have anticipated results very similar to those described above. Males, in general, would be taller than females; the statures would increase with increased relationship to the tall men; and older relatives would be found to be taller than younger ones, although the latter fact might escape detection in a regression equation if adequate numbers of the younger relatives had not been recorded. However, the statures would probably be normally distributed about the means for any age and sex group. Hence, any subdivision of the relatives into "tall" and "normal" would be quite arbitrary, and the hereditary component in stature would be more readily explained on the basis of an inter-play of a large number of genetic factors.
On the other hand, if most of the variability in serum urate levels were determined by a single gene for hyperuricemia, we should expect a bimodal frequency distribution of these levels provided that the separation between the normal and abnormal genotypes were not obscured by relatively large non-genetic variations. Now, it is known that the fasting serum uric acid level is far from a fixed individual characteristic, even at a constant age. Various environmental factors, in addition to technical errors, are thought to be effective in producing marked fluctuations in serum urate determinations when tests are made in single subjects over short intervals of time.
Despite these important individual variations which might be expected to account for the misclassification of some of the relatives, the frequency diagrams of Figure 3 do suggest a bimodal distribution of U among relatives of both sexes, and we have considered it of interest to classify the relatives on the basis of the minimum points in these distributions, viz., 6.0 mgm. per cent in males and 5.0 mgm. per cent in females. The former level agrees with the criterion for pathological hyperuricemia commonly adopted by workers using the Folin procedures. It also agrees with the lower limit found in most cases of gouty arthritis, as is shown by our own data ( Figure 3 ). The lowering of the critical level to 5.0 mgm. per cent in females is suggested by the frequency diagram for females, and this accords with the information cited above from general chemical studies (Table II) An enumeration of the children arising from various matings having at least one hyperuricemic parent gives rise to Table VII. In constructing this table, allowance was made for the fact that those sibships which contain the original patient or propositus are biased in favor of hyperuricemic members. The propositus in each case must therefore be omitted. For example, in enumerating the children of a hyperuricemic woman, such as the mother of S, the patient S is omitted and only his sibs are counted, thus giving two hyperuricemic sons, two hyperuricemic daughters, and two normal daughters. Similarly, patient R, whose mother is hyperuricemic, is not counted, because having served as the propositus, it follows that he was necessarily gouty, and therefore, with high probability, hyperuricemic. On the other hand, all of I's children are counted since this sibship was brought to light not through one of the hyperuricemic sons, but through I himself. A fuller explanation of this procedure will be found elsewhere (13, 14) .
Discounting those matings in which both parents are hyperuricemic, the remaining sibships contain six hyperuricemic and 21 normal sons. This constitutes a significant departure from the expected 1: 1 ratio. However, when sons below 16 years of age are omitted, the ratio becomes six hyperuricemic: seven normal sons. Thus the data concerning male relatives are in agreement with the hypothesis of dominant autosomal inheritance if one assumes that the metabolic change resulting in hyperuricemia is one which is not manifested in males until about the age of puberty.
Among daughters in the same series of matings (Table VII) four are classed as hyperuricemic, 10 normal. This small number of observations is insufficient to show whether heterozygous females can be regularly distinguished from normal females by their serum urate levels. There is no suggestion here of an age difference in females similar to that found in males. However, it is possible that such may exist, for it is stated by Stecher and Hersh (7) that "hyperuricemia occurs with nearly ten times the normal frequency in brothers, sisters and sons, but not in daughters of gouty patients." 4 In Talbott's study (5) males and females were classified alike, using 6.0 mgm. per cent as the criterion for hyperuricemia, and the results show a significantly higher proportion of hyperuricemic males (27 out of 79) than hyperuricemic females (seven out of 57). The serum urate levels of these seven females were also lower than those characteristic of hyperuricemic males, viz., 6 ner better suited to the hypothesis of a dominant gene than would be the case for any 11 females taken at random among the 39 females tested. Table VIII shows that this is apparently the case. In this table each tested female is classified according to her probability, P. of possessing the abnormal gene, such probability being inferred from the distribution of hyperuricemic males in her pedigree. For example, on the assumption that all males who are heterozygous have been correctly identified, it is certain (i.e., P = 1 ) that any woman whose son is hyperuricemic and whose husband is not, is herself heterozygous. Of the three females thus judged to be heterozygous (Table VIII , column 2) all occur in the hyperuricemic range. For the eight unrelated wives of the propositi, the probability of possessing the relatively rare gene for hyperuricemia approaches P = 0, and only one of these is hyperuricemic. For most of the remaining female relatives the probability of heterozygosity is approximately P = Y2, and in this group we find an intermediate ratio: seven hyperuricemic among a total of 26. The proportion 726, however, is significantly less than the expected proportion, P = 1/2. It is therefore probable that some heterozygous females are not detectable, even when a liberal reduction in the critical level for hyperuricemia is made. Although no case occurs in our material wherein a gouty patient possesses parents both of whom were found to have normal blood uric acid levels, such might therefore be expected, particularly when the hereditary factor was derived from the mother.
Because gouty arthritis occurs much more frequently in males than in females, Talbott (15) has suggested that the responsible genetic factor may be sex-linked. This is made unlikely by the common occurrence of gouty or hyperuricemic sons of gouty male patients, as is seen in the two families illustrated in Talbott's paper (5), as well as in several families in our own series and in the studies of Stecher and Hersh (see above). Under sex-linked inheritance one would also expect higher average urate levels, or a higher incidence of hyperuricemia, among daughters of hyperuricemic males than among daughters of hyperuricemic females. Our data (Table VII) give no suggestion of such a difference.
DISCUSSION
In this paper we have attempted to explain the inheritance of essential hyperuricemia and gout as due to a dominant autosomal (i.e., not sex-linked) gene. Being relatively rare, this gene occurs in a small proportion of males and females who are heterozygous for it; that is, in individuals who have inherited the abnormal factor from only one parent. There is no evidence to suggest what the primary biochemical or developmental effect of this gene may be. We may say only that its presence in the heterozygous condition is detectable in a large percentage of cases by an elevated uric acid level in the blood, and in a much smaller percentage of cases, by clinical symptoms of gout. In discussing the genetics of gouty arthritis and hyperuricemia, care must be taken to distinguish these two states, and our discussion will first deal with hyperuricemia per se.
The proportions of hyperuricemic relatives to be expected if heterozygotes were invariably affected are approached when one makes allowances for the factors of age and sex. Reasonably good agreement is obtained in our material by lowering the critical level for hyperuricemia from 6.0 mgm. per cent in males to 5.0 mgm. per cent in females, and by discarding all male children under 16 years of age. The first of these corrections seems to be justified by a well-established difference in the serum urate levels of normal adult males and females, although the deduction of a full milligram may prove to be excessive. The second correction is based wholly on our own data. Classifying males and females separately there still appears to be a deficiency of hyperuricemic relatives, but this is conspicuous only among the relatives making up the final generations in the pedigrees (Figure 1) . The Talbott 's study were under 18 years of age, these being males aged 14 yr., 17 yr. and 17 yr., having urate levels of 6.4, 6.6 and 7.0 mgm. per cent, respectively. It therefore seems likely that Talbott's data would give evidence of an age effect in males similar to that observed in our material. The finding that marked hyperuricemia is rare before puberty does not, of course, exclude the possibility that a less pronounced elevation may be present, in which case a genetic classification of children might still be feasible. Statistical studies of urate levels in normal subjects of all ages are thus greatly needed for the further study of the genetic carriers in this disease.
Of the 24 hyperuricemic relatives in our study only three were found to have gouty arthritis, and all of these were members of the somewhat unusual family P. Obviously such data throw little or no light on the question as to what factors, in addition to hyperuricemia, may be necessary for the production of clinical gout. However, it would seem worthwhile to point out that the two chief peculiarities which have long been known regarding gout-its predilection for males and its occurrence in middle life-are strikingly paralleled by the facts regarding urate levels of the genetic carriers. If, given the presence of other necessary conditions, the probability of gouty symptoms increases with the absolute level of hyperuricemia reached and with the duration of this condition, then at least a partial explanation would seem to be offered by the differences in the serum urate levels themselves. Thus, the relative infrequency of gouty arthritis in women might be attributed in part to the fact that the abnormal gene, although occurring as frequently in females as in males, has a smaller average effect in elevating the urate level in this sex. This, added to the lower normal urate level in females, results in a much less pronounced degree of hyperuricemia in most of the female carriers. Similarly, the fact that gouty arthritis is principally a disease of middle age is enforced by the finding that marked hyperuricemia is apparently not reached in affected males until about the age of puberty. These "explanations" do not, of course, exclude the existence of other factors which may be important in the production of gouty symptoms and which are wholly unrelated to changes in the urate concentration of the blood. The fact that other provocative factors are necessary for gouty arthritis is argued by most workers in this field. In this connection, a recent report of Wolfson and co-workers (16) is of interest. These authors found a markedly reduced excretion of 17-ketosteroids in patients with gout, but not in patients having non-gouty hyperuricemia.
We may briefly mention one complication which arises in connection with the theory of inheritance which we have proposed. If we assume that a single dominant gene is necessary for hyperuricemia and gout, it is evident that this gene must be considerably more frequent in the general population than one might suspect from the incidence of gouty arthritis. In our study only three gouty relatives were found among 24 relatives classed as hyperuricemic. In Talbott's study three were found among 34 hyperuricemic relatives. The sex and age distributions of the relatives in these two studies do not differ markedly from those of the general population. Combining the two series, we may take 6/58 or 1/10 as an estimate of the proportion of heterozygotes of all ages who, at any given time, will manifest clinical gout. Among patients visiting arthritis clinics, our own experience agrees with that of other workers in showing that about 4 per cent are victims of gout. Assuming that gout occurs with the same frequency among that fraction of civilians (viz., 2.2 per cent) who are found in health surveys (17) to have histories of "chronic arthritis and rheumatism," we would judge the incidence of gout to be 0.04 x 0.022 or 88 per 100,000. The frequency of all persons carrying the gene for hereditary hyperuricemia would thus be estimated to be 10 x 0.00088 or 0.88 per cent. In this calculation the figure 0.00088 is probably too large, since arthritis clinic patients may represent a selected group with respect to gout. On the other hand, the factor 10, taken as the ratio of total carriers to gouty persons, is probably too small, since a considerable number of asymptomatic carriers (especially young males, and females in Talbott's data) have not been detected as hyperuricemic. The two errors may therefore tend to compensate one another in the product.
Taking 0.88 per cent as the frequency of heterozygotes, we should expect matings between two heterozygous individuals to occur with a frequency of (0.0088) 2 [19] ).
It is interesting that patient P in the present series of families has both parents in the hyperuricemic range according to our classification. One or more members of his sibship might therefore be homozygous, and indeed all of these affected brothers showed rather early ages of onset of acute attacks (6) . One 
